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Abstract 
A calculation code system for evaluation of deuteron nuclear data is extended so that the stripping reaction to bound states in 
the residual nucleus can be taken into account properly using a conventional zero-range DWBA approach. The code system is 
applied to deuteron induced-reactions on 27Al for incident energies up to 100 MeV. It is found that the spectroscopic factors 
derived from the present DWBA analysis have incident energy dependence. The calculation using the extended code system 
reproduces experimental double-differential cross sections for the 27Al(d,xp) reaction at 25.5, 56, and 100 MeV, and production 
cross sections of 28Al in the incident energy range from the threshold to 20 MeV. 
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1. Introduction 
In recent years, intensive neutron sources using deuteron accelerator have been proposed for various purposes 
such as irradiation testing of fusion reactor materials [1], boron neutron capture therapy (BNCT) [2], and production 
of radioisotopes for medical use [3]. In these facilities, (d,xn) reactions on light nuclei (7Li, 9Be, 12C, etc.) are 
considered as a promising reaction to generate intensive neutron beams. For engineering design of such neutron 
sources, comprehensive nuclear data of deuteron-induced reactions over wide ranges of target mass number and 
incident energy are indispensable as fundamental data. 
Experimental data of deuteron-induced reactions are not necessarily enough so far. In such the case, theoretical 
model calculation plays an important role in nuclear data evaluation. Thus, we have been developing a calculation 
code system for deuteron nuclear data evaluation. In the code system, several model calculation codes are combined. 
Elastic breakup and stripping reactions to continuum are calculated using the codes based on the Continuum-
Discretized Coupled-Channels (CDCC) theory [4] and the Glauber model [5], respectively. In addition, statistical 
decay component is calculated using the Hauser-Feshbach and exciton models implemented in CCONE code [6], 
which was used for neutron nuclear data evaluation for JENDL-4.0 [7]. 
In our early work [8], we compared the calculations using the above-mentioned code system with available 
experimental data of double-differential (d,xp) cross sections (DDXs) for 27Al and 58Ni . As the result, the 
calculations reproduced well the experimental data at forward angles for incident energies of 56 and 100 MeV. 
However, they failed to reproduce several peaks of the experimental data observed in the high emission energy 
region. This is because the Glauber model cannot treat the stripping reaction to bound states in the residual nucleus 
properly. 
In the present work, we focus on the stripping reaction to bound states in order to improve the situation, and apply 
a conventional distorted wave Born approximation (DWBA) approach to the calculation of the 27Al(d,p) stripping 
reaction to bound states. The spectroscopic factor corresponding to each bound state is derived from the DWBA 
analysis of the experimental differential cross sections at several incident energies. These DWBA approaches are 
combined with our calculation code system. Finally, the extended code system is applied to calculations of double-
differential 27Al(d,xp) cross sections and production cross sections of 28Al. 
2. Stripping reaction to bound states 
In the present work, we employ the zero-range DWBA code DWUCK4 [9] for analyses of the 27Al(d,p) stripping 
reaction to bound states. In the DWUCK4 calculation, the nonlocality correction is not considered in both the 
entrance and exit channels. The finite range correction factor is set to be 0.70 fm, which is a recommendation value 
for (d,p) stripping reaction [10]. We use global optical model potentials (OMPs) of An and Cai [11] for deuteron and 
global OMPs of Koning and Delaroche [12] for proton and neutron. Information on discrete levels of the residual 
nucleus 28Al, namely excitation energy (Ex), spins and parity (Jʌ), and angular momentum transfer (l), are taken from 
Tables 28.9a and 28.9b in Ref. [13]. The DWBA cross section for each bound state is given by   
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where i is the index of each final state of 28Al; D0 is a constant in zero-range approximation and a value of 20D =
41050.1 u  is given by typical deuteron models [10]; JA and Ji are the spins of target 27Al and i-th state of 28Al, 
respectively; Si,l is the spectroscopic factor for each state with the angular momentum transfer l and the spin of 
transferred neutron j, and :dd DWUCKli /
4
,V  are the differential cross section calculated with DWUCK4. The 
spectroscopic factors are extracted by fitting the calculation value to the experimental data around the first peak of 
the differential cross sections.  
Fig. 1 shows comparisons of experimental and calculated differential cross sections for the 27Al(d,p) reaction at 
incident energies of 6 [14], 12 [15] and 23 MeV [16]. Although 35 final states of 28Al up to 5.135MeV are taken into 
consideration, the results for some cases are shown in the figure. In general, the calculation results reproduce the 
experimental data at forward angles fairly well.  
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 Fig. 1 Calculated and experimental differential cross sections 
 for 27Al(d,p) reaction at 6, 12 and 23MeV. 
 
The spectroscopic factor Si,l  must be constant because it is a physical quantity related to nuclear structure. However, 
it is found that experimental values derived by the present DWBA analysis vary with incident energy. Similar 
incident energy dependence of spectroscopic factor is also reported in the DWBA analysis for the 12C(d,p)13Cg.s. 
reaction [17]. These results indicate that one needs to introduce the incident energy dependence of spectroscopic 
factors in model calculations for nuclear data evaluation. 
Further investigation of the energy dependence of spectroscopic factor is made for incident energies higher than 
23 MeV. Although there is no experimental differential cross section in the energy range, experimental DDXs for 
the 27Al(d,xp) reactions at 56 [18], 80 [19,20], and 100 MeV [21] do exist. In these DDXs, overlapped peaks are 
observed in the high emission energy region at each angle. First of all, the DDXs are integrated over emission 
energy around the observed peaks to obtain the differential cross sections with respect to angle, which are shown by 
solid squares in Fig.2. Next, we make DWBA calculations for 35 final states of 28Al up to 5.135 MeV and sum the 
calculated DWBA cross sections to compare the experimental data. In these calculations, the spectroscopic factor, 
Si,l(E0), derived from the DWBA analysis at a certain lower incident energy E0, is used for each final state. Namely, 
E0 is either 6 or 12 or 23 MeV. The summed DWBA cross sections are normalized to reproduce the experimental 
data well as shown in Fig.2. The resultant normalization factor has incident energy dependence. Under the 
assumption that the spectroscopic factor for each final state has the same incident energy dependence, the incident 
energy dependence of spectroscopic factor can be written as follows: 
     0,0, , ESEENES liddli  ,  (2) 
where Ed is the deuteron incident energy, N(Ed, E0) is the normalization factor including the incident energy 
dependence, and Si,l(E0) is the spectroscopic factor extracted by DWBA analysis at a fixed incident energy E0.  
The normalization factors N(Ed, E0) with three different E0 values in Eq. (2) are plotted as a function of Ed in Fig. 
3(a), showing obvious Ed-dependence. Next, the normalization factors N(Ed, E0) at E0 = 12 and 23 MeV are 
222   Shinsuke Nakayama et al. /  Energy Procedia  71 ( 2015 )  219 – 227 
multiplied by 0.8 and 0.7 in Fig. 3(b), respectively, showing that the Ed-dependence of N(Ed, E0) is almost 
independent of E0. Thus, E0 = 6 MeV is chosen and the energy dependence of N(Ed, E0) up to 100MeV is shown in 
Fig. 4. Finally, the Ed-dependence is determined by fitting these data with a quadratic function as follows: 
  00.11021.11008.3, 2250 uu  ddd EEEEN   (E0 = 6 MeV) (3) 
This energy dependence will be useful for deuteron nuclear data evaluation of 27Al in the energy range where no 
experimental data is available. 
 
 
 
 Fig. 2 Comparison of experimental and DWBA cross sections corresponding to overlapped peaks seen 
  in the high emission energy region in 27Al(d,xp) spectra at 56, 80 and 100MeV. 
 
 
 Fig. 3 Normalization factors N(Ed, E0) obtained from DWBA analysis. 
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Fig.4 Incident energy dependence of normalization factors N(Ed, E0) and its fitting function. 
 
3. DDXs including stripping reaction to bound states 
We extend the calculation code system developed previously [8] in order to taken into account the stripping 
reaction to bound states in the residual nucleus. In the extended code system, DDXs of (d,xp) reactions are 
expressed by incoherent summation of three components: 
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where :dEdd BU /
2V , :dEdd STR /
2V , and :dEdd SD /
2V correspond to DDXs for elastic breakup reaction, 
neutron stripping reaction, and statistical decay, respectively. Elastic breakup components are directly calculated 
with the CDCC method and statistical decay components are calculated with CCONE code considering production 
of three types of compound nuclei as described in Ref. [8].  
Neutron stripping reaction components are divided into the following two components:  
:
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where :dEdd continuum /
2V and :dEdd bound /
2V  correspond to DDXs for stripping reactions to continuum and to 
bound states, respectively. The latter DDXs are obtained by folding the calculated DWBA cross sections 
corresponding to each bound state with Gaussian function as follows: 
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where E is the proton emission energy, ı is the standard deviation representing experimental energy resolution, and 
ȝi is the emission energy corresponding to the i-th discrete peak. The spectroscopic factor for each state is obtained 
from Eqs. (2) and (3). The Glauber model cannot deal with individual transitions to bound states by stripping 
process and calculates the sum of stripping to both continuum and bound states as a continuous spectrum. Thus, 
DDXs calculated by the Glauber model and the DWBA approach overlap with each other in the high emission 
energy region including bound states. To avoid the double counting, the DDXs calculated by the Glauber model are 
cutoff in the emission energy region where the high energy peaks appear. The remaining Glauber model component 
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corresponding to :dEdd continuum /
2V  in Eq. (5) is normalized so that the total stripping component calculated by the 
Glauber model is conserved. 
Figs. 5 and 6 show comparisons between the calculated and experimental DDXs for 27Al (d,xp) reaction at 56 and 
100 MeV. At both incident energies, the present calculation reproduces fairly well both the shape and magnitude of 
the experimental (d,xp) spectra including the peak observed in the high emission energy region.  
 
Fig.5 Calculated and experimental DDXs for 27Al (d,xp) reaction at 100 MeV. 
 
 
Fig. 6 Same as in Fig. 5 but for 27Al (d,xp) reaction at 56 MeV. 
 
Next, we investigate the applicability of the code system at lower incident energies. The result of the 27Al (d,xp) 
reaction at 25.5 MeV [22] is presented in Fig. 7. Since relative contribution of the stripping reaction to bound states 
at low incident energies is larger than that at high incident energies, the peak structure observed in high emission 
energy region becomes more prominent than those in Figs. 5 and 6. Although the calculation overestimates the 
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experimental data slightly in the continuum region at 30 o, they reproduce well the experimental peak structure.  
 
Fig.7 Same as in Fig. 5 but for 27Al (d,xp) reaction at 25.5 MeV. 
 
4. Production cross sections of 28Al 
For engineering design of deuteron accelerator neutron sources, it is also important to estimate production of 
radioactive nuclei. In this section, production cross section of 28Al (T1/2 = 2.2414 min) from deuteron-induced 
reaction on 27Al are calculated and compared with experimental data. All of the neutron stripping reactions to 35 
final states up to 5.135MeV are expected to make a large contribution to production of 28Al. Thus, the production 
cross section of 28Al from neutron stripping reaction denoted by STRAl 28V is calculated by summation of angle-
integrated differential cross sections over all the bound states as follows:  
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where the spectroscopic factor for each state is obtained from Eqs. (2) and (3), which is same as in the DDX 
calculation. The contribution from statistical decay process denoted by SDAl 28V  is calculated using the CCONE code 
[6]. In the case of deuteron-induced reactions, three types of compound nuclei are formed by absorption of either a 
neutron in the incident deuteron or a proton in it or the deuteron itself. As described in Ref. [8], calculated 
production cross sections are averaged by the formation fraction calculated by the Glauber model as follows: 
       2/2/ 28282828 dnAlndpAlpddAlddSDAl ERERERE   VVVV ,   (8) 
where dAl 28V , 
p
Al 28V , and 
n
Al 28V  are production cross sections of 
28Al from deuteron, proton, and neutron-induced 
reactions calculated with the CCONE code, respectively; Rd , Rp , and Rn are the formation fractions of three different 
compound nuclei calculated by the Glauber model. It should be noted that pAl 28V  and 
n
Al 28V  are zero or much 
smaller than dAl 28V , respectively. In the present work, we use the Glauber model with trajectory modification [23] to 
calculate each formation fraction since the eikonal approximation in the Glauber model gets worse at low incident 
energies below 20 MeV. In Ref. [23], it is found that the Glauber model with trajectory modification reproduces 
experimental data of total reaction cross sections even at low incident energies. Thus, the trajectory modification has 
been implemented in the present code system for calculation of integrated cross sections based on Ref. [23].  
In Fig. 8, the calculation is compared with the experimental data [24]. The sum of the statistical decay 
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components SDAl 28V  and the contribution from stripping to bound states 
STR
Al 28V  reproduce the experimental data in 
low incident energy region fairly well. This result indicates that it is of importance to consider the stripping reaction 
to bound states appropriately in evaluation of deuteron-induced radioactivity. 
 
Fig. 8 Production cross sections of 28Al. 
 
5. Conclusions 
We have extended our code system for deuteron nuclear data evaluation so that the stripping reaction to bound 
states in the residual nucleus can be taken into account using a conventional zero-range DWBA approach. It is 
applied to deuteron induced-reactions on 27Al for incident energies up to 100 MeV. The spectroscopic factor for 
each bound state is extracted by DWBA analysis and its incident energy dependence is found. The calculated 
double-differential 27Al(d,xp) cross sections reproduces fairly well the experimental data including the peaks 
observed in the high emission energy region at incident energies of 25.5, 56, and 100 MeV. The peak structure seen 
in the high energy end can be described well by the DWBA calculation of the stripping reaction to bound states in 
the residual nucleus. Calculated production cross sections of 28Al reproduce well the experimental data at incident 
energies from the threshold to 20 MeV by taking into account the stripping to bound states.  
Finally, the phenomenological formula of the incident energy dependence of the spectroscopic factors derived in 
the present DWBA analysis should be applied only to the 27Al(d,p) reaction. In the future, therefore, it will of great 
interest to apply the code system to deuteron-induced reactions on other nuclei, e.g. 12C as a candidate target in 
deuteron-induced neutron source or 58Ni as accelerator structure material, and to find a more general formula on 
spectroscopic factors including the target mass number dependence from the practical viewpoint of deuteron nuclear 
data evaluation. 
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